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It has been shown that the longitudinal mode of a massive vector boson can be produced by
inflationary fluctuations and account for the dark matter content of the Universe. In this work we
examine the possibility of instead producing the transverse mode via the coupling φFF˜ between the
inflaton and the vector field strength. Such a coupling leads to a tachyonic instability and exponential
production of one transverse polarization of the vector field, reaching its maximum near the end of
inflation. At production the mass is negligible and the vectors add up coherently to form a dark
electromagnetic field. As the Universe expands, the energy density of the dark electromagnetic field
then redshifts like radiation until its wavelength stretches to beyond its Compton wavelength. After
this point the vectors become non-relativistic and their energy density redshifts like matter. We
show that these polarized transverse vectors can account for the observed dark matter relic density
in the mass range µeV to hundreds of GeV. We also find that the tachyonic production mechanism
of the transverse mode can accommodate larger vector masses and lower Hubble scales of inflation
compared to the production mechanism for the longitudinal mode via inflationary fluctuations.
INTRODUCTION
The nature of dark matter still remains a mys-
tery. While most of the experimental effort in the past
was aimed at detecting weakly interacting massive par-
ticles (WIMPs), the lack of observation has necessitated
new theoretical ideas and proposed search strategies to
cover as many alternatives as possible [1]. In this context,
it is important to explore new production mechanisms for
dark matter and assess their impact on search strategies.
Dark photons are among the alternative dark matter
candidates which have received increasing attention in re-
cent years. They can be produced via the misalignment
mechanism like axions [2], though only if they couple
non-minimally to gravity [3]. They can also be produced
via inflationary fluctuations [4] which is particularly in-
teresting since it only relies on the single condition that
the Stueckelberg mass of the vector 1 is a good effective
description at least up to the Hubble scale of inflation. If
this is the case, the longitudinal mode of the vector is
inevitably produced by inflation and constitutes a viable
dark matter candidate for a large range of values of its
mass and Hubble scale of inflation.
In this work we examine the possibility of produc-
ing the transverse component of the vector during infla-
tion. We exploit the coupling φFF˜ between the inflaton
and the dark photon which leads to the exponential pro-
duction of one transverse mode of the dark photon via
tachyonic instability. This generates a dark electromag-
1 We use ‘dark photon’ and ‘vector’ interchangeably throughout.
netic (DEM) field at the end of inflation with a large en-
ergy density that redshifts like radiation. As the Universe
expands and the typical wavelength of the DEM stretches
to the point where it reaches the Compton wavelength,
the dark photon then becomes non relativistic and red-
shifts like matter, as necessary for a viable dark matter
candidate. We show that there is a large region of param-
eter space in which this production mechanism dominates
over that of the longitudinal mode [4], thus allowing for
the transverse mode of the vector to account for the dark
matter relic abundance we observe today.
We do not specify the form of the inflaton potential in
this study as the only properties relevant to our analysis
are the Hubble scale of inflation and the presence of the
φFF˜ coupling. The latter is generically present in models
of axion inflation [5] for which exponential production of
gauge bosons has been explored in many studies. These
studies have examined various possibilities including; the
production of primordial magnetic fields [6–8] as a dissi-
pation mechanism which allows for inflation on a steep
potential [9], the generation of primordial curvature per-
turbations and non-gaussianities [10, 11], as well as the
production of primordial black holes [11, 12] and gravi-
tational waves [12–14]. All of these possibilities utilize ef-
fects of the axion-photon coupling in the initial or middle
e-folds of inflation. In contrast, the mechanism proposed
here focuses on the very last few e-folds of inflation where
the production of the gauge quanta is largest.
We also perform an initial exploration of the dark
photon power spectrum at the end of inflation which is
needed as input for the cosmological evolution of the en-
ergy density and a more precise quantification of the final
dark matter relic abundance. A mored detailed investiga-
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2tion of the cosmic evolution of the power spectrum and
energy density will be presented in followup work [15].
Below we first review the mechanism for tachyonic pro-
duction of the gauge field (dark photon in our case) dur-
ing inflation and examine the final energy density. We
then estimate the final relic abundance of dark photons
showing how it depends on the model parameters and
detailing the assumptions and constraints of our analy-
sis. We also briefly discuss our mechanism in the context
of quantum gravity and consider some conjectured con-
straints on the dark photon mass while emphasizing that
our mechanism is insensitive to whether the vector mass
is of the Stueckelberg or Higgs-ed type. We then conclude
and discuss possibilities for followup work.
DARK PHOTON PRODUCTION
In this section we outline the mechanism for generating
dark photon dark matter via tachyonic instability during
inflation. Much of the discussion presented here mirrors
discussions found in studies of exponential production of
massless gauge bosons via the φFF˜ coupling [5, 9, 10, 13,
16–18] in the context of models of natural inflation [19].
Tachyonic production during slow-roll inflation
We start with the action for an inflaton with potential
V (φ) coupled to a massive neutral vector boson,
S = −
∫
d4x
√−g
[1
2
∂µφ∂
µφ+ V (φ)
+
1
4
FµνF
µν +
1
2
m2AµA
µ +
α
4f
φFµν F˜
µν
]
, (1)
where φ is the inflaton field that drives inflation, Aµ is
the dark photon field, Fµν = ∂µAν − ∂νAµ is the field
strength, and F˜µν = µναβFαβ/2 with 
µναβ the com-
pletely antisymmetric tensor. We use the Friedmann-
Robertson-Walker (FRW) metric with ds2 = −dt2 +
a2(t)d~x2 and the convention 0123 = 1/
√−g. The vector
boson mass m can be zero or non-zero during inflation
and can be of a Stueckelberg or ‘Higgsed’ type (we com-
ment on this point later). As long as it is smaller than
the Hubble scale at the end of inflation the vector mass
has negligible effects on the tachyonic production mech-
anism. We also assume negligible kinetic mixing between
the visible and dark photons which is also not necessary
for the production mechanism 2. We do not specify the
2 Allowing for small kinetic mixing does not destroy the production
mechanism and can lead to interesting phenomenology [4, 20],
but for simplicity we take it to be small enough to be neglected.
form of the inflaton potential as the only relevant prop-
erties needed for our discussion are: (i) the scale of V (φ)
which sets the Hubble scale during inflation,
H =
√
V (φ)√
3MPl
, (2)
and (ii) the coupling of the inflaton to FF˜ responsible
for exponential production of only one polarization of the
transverse modes. Such a coupling is generically present
in models of natural inflation, where φ is a pseudoscalar
(odd under parity) axion-like field subject to a shift sym-
metry. For this reason, this class of models provides a
well motivated theoretical framework for the mechanism
presented here. However, since the dynamics of the mech-
anism do not depend on whether φ is an axion or not, φ
can be a generic scalar (or function of φ [17]), as long as
it drives inflation and couples to FF˜ . Note that we do
not need to impose that the Lagrangian respects parity
so φ could also be parity even. As a numerical example to
illustrate the mechanism, we will consider below a poten-
tial of the form V (φ) = λ4φ4/4, while axion like periodic
potentials and others are examined in [15].
We quantize the vector field by expanding in terms of
creation and annihilation and their mode functions,
~ˆA(~x, t) =
∑
λ=±,L
∫
d3k
(2pi)3
ei
~k·~x ~λ(~k) (3)
× [Aλ(k, t)aλ(~k) +Aλ(k, t)∗a†λ(−~k)],
where we include transverse and longitudinal polariza-
tions in the sum and the creation and annihilation oper-
ators satisfy the commutation relation,[
aλ(~k), a
†
λ(
~k′)
]
= (2pi)3δλλ′ δ
3(~k − ~k′). (4)
The mode functions obey the equations of motion derived
from Eq. (1) which in Fourier space read [9, 16],
φ¨+ 3Hφ˙+ V ′ =
α
f
〈FF˜ 〉, (5)
A¨± +HA˙± +
(
k2
a2
± k
a
αφ˙
f
+m2
)
A± = 0 , (6)
A¨L +
3k2 + a2m2
k2 + a2m2
HA˙L +
(
k2
a2
+m2
)
AL = 0 , (7)
where we have also included the inflaton equation of
motion. The overdots denote derivatives with respect to
physical time t and k ≡ |~k| is the magnitude of the co-
moving momentum. We consider only the spatially ho-
mogeneous zero momentum mode (k = 0) of the infla-
ton. We have separated the three degrees of freedom of
the dark photon into transverse and longitudinal compo-
nents, ~AT and AL respectively, where ~k · ~A = kAL and
~k· ~AT = 0, and we have written the transverse component
in terms of the two helicities, ~AT = ~+A+ + ~−A−. The
equation of motion for AL corresponds to the one derived
3in [4] which is not affected by the presence of the coupling
φFF˜ . Hence the longitudinal mode in this model can be
produced via inflationary fluctuations, as described in [4],
and contribute to the final dark photon relic density.
In what follows we concentrate on the equation of mo-
tion of the transverse modes in Eq. (6). It is customary
to introduce the dimensionless parameter,
ξ ≡ αφ˙
2Hf
=
√

2
α
f
MPl , (8)
where  ≡ −H˙/H2 and for single field inflation we have,
|φ˙| ≈ V ′/3H,  = φ˙
2
2H2M2Pl
. (9)
It is useful to rewrite the equation of motion in terms of
conformal time τ defined as adτ = dt,[ ∂2
∂τ2
+ k2 ± 2 k ξ
τ
+
m¯2
τ2
]
A±(k, τ) = 0 , (10)
where we have defined m¯ ≡ m/H and used the fact that
during inflation (τ < 0) we have τ ' − 1aH . Using the
convention φ˙ > 0 we have ξ > 0, implying that only the
mode A+ experiences tachyonic enhancement when,
Ω2(k, τ) = −ω2(k, τ) = −k2 − 2k ξ
τ
− m¯
2
τ2
> 0 . (11)
On the other hand, the opposite polarization A− does not
have tachyonic modes and is therefore neglected. Treating
ξ as a constant, a good approximation during slow-roll,
one can solve Eq. (10) analytically [18] in terms of Whit-
taker functions. In the massless case, from Eq. (11) we
see that the tachyonic modes are those with −kτ < 2ξ,
and that Ω2 is maximal at (−kτ)tachyonic = ξ. We are
interested in the limit of small vector mass,
m
H
≡ m¯ (−kτ)tachyonic = ξ . (12)
For m¯  ξ the mass term quenches the tachyonic pro-
duction [18]. Neglecting the dark photon mass, the full
analytic solution to Eq. (10) can be found in terms of
Coulomb functions and is normalized by the requirement
that the gauge field is initially in the Bunch-Davies vac-
uum [18, 21, 22] (in the sub-horizon limit −kτ →∞),
lim
−kτ→∞
A±(k, τ) =
e−ikτ√
2k
≡ ABD . (13)
We are interested in the regime −kτ < 2ξ (k < 2ξaH)
where we start to produce tachyonic modes and the so-
lution is very well approximated by [10],
A+(k, τ) '
√
−2τ
pi
epiξK1
[
2
√
−2ξkτ
]
, (14)
−kτ < 2ξ ,
where K1 is a modified Bessel function of the second kind
and the exponential enhancement is explicit. From this
one finds in the super-horizon limit −kτ → 0,
lim
−kτ→0
A+(k, τ) =
epiξ
2
√
2pikξ
≡ ATP , (15)
where TP stands for tachyonically produced. Note that
the amplitude of the gauge field A+(k, τ) is maximal and
equal to ATP at −kτ → 0 and decreases for larger val-
ues of −kτ . To get further intuition, it is often useful to
work with the solution obtained via the WKB approxi-
mation [9, 10, 23] which we can write as,
A+(k, τ)WKB ' 1√
2k
(−kτ
2ξ
)1/4
epiξ−2
√−2ξkτ , (16)
1
8ξ
< −kτ < 2ξ ,
where the regime of validity is dictated by the adiabatic
condition |Ω′/Ω2|  1 with Ω′ ≡ dΩ/dτ . In the range
1/(8ξ) < −kτ < 2ξ, A+(k, τ)WKB approximates very
well the solution obtained in Eq. (14) giving us intuition
into the behavior of the modes around horizon crossing
as they become exponentially enhanced.
Energy density of dark photons
at the end of inflation
The modes which grow exponentially are those with
physical momenta which satisfy,
q ≡ k
a
< 2ξH . (17)
In most models, which have roughly 60 e-folds of infla-
tion, ξ during the first few e-folds is constrained by CMB
measurements [10, 16] to be less than ξ . 2.5. Here we
are interested in ξ at the end of inflation, ξend, which
is allowed to be significantly larger. However, in order
to neglect back reaction effects, we limit ourselves to
ξend < O(10) in the following. See the discussion be-
fore Eq. (43) for more detail.
From Eq. (17) we see that the tachyonic modes have
at most q ∼ O(20)H, implying that their wavelength
is roughly comparable to the size of the Hubble horizon
as the modes become tachyonic. Hence, within the hori-
zon these modes add up coherently. Given the very large
occupation number due to the exponential enhancement
in the solutions Eq. (14) and Eq. (16), these dark pho-
tons are well described by a classical dark electromag-
netic field whose ‘electric’ and ‘magnetic’ components we
label with E and B respectively. Furthermore, since one
helicity contributes exponentially more than the other,
we are left with a polarized dark electromagnetic field.
To eventually compute the relic abundance we are in-
terested in the energy density of the dark electromagnetic
4field. This is well approximated [9] by,
ρD =
1
2
〈 ~E2 + ~B2〉 (18)
=
1
4pi2a4
∫ ∞
0
dk k2
(
|∂τA+|2 + k2|A+|2
)
(19)
=
1
2a4
∫
d ln k
(P∂τA+(k, τ) + k2PA+(k, τ)) , (20)
where we have introduced the power spectrum,
〈X(k, τ)∗X(k, τ)〉 ≡ 2pi
2
k3
PX(k, τ) , (21)
X = A+ or ∂τA+ . (22)
We can also examine the quantity in the integrand,
dρD
d ln k
=
1
2a4
(P∂τA+(k, τ) + k2PA+(k, τ)) , (23)
which provides us with information on which k modes
contribute most significantly to the energy density. We
are interested in finding the peak of dρDd ln k as a function
of k at the end of inflation when ξ is the largest. Us-
ing the WKB solution in Eq. (16), we can compute an-
alytically the dark electric field contribution given by
P∂τA+(k, τ) as well as the dark magnetic field contribu-
tion k2PA+(k, τ), where the former is always dominant
over the latter. We can then estimate ρD during inflation,
ρD ≈ 10−4H
4 e2piξ
ξ3
. (24)
The WKB as well as the other solutions in the previ-
ous section were derived under the assumption of con-
stant ξ. However, at the end of inflation ξ increases and
its variation ξ˙ can be significant, depending on the spe-
cific model of inflation. Thus, in this regime, treating ξ
as constant in the derivation is not a good approxima-
tion. As the equations of motion can no longer be solved
analytically with a time varying ξ, we turn to a numerical
study in order to understand the detailed behavior.
We consider, as a concrete example, an inflaton with
potential V (φ) = λφ4/4 and λ = 10−14 which is the order
of magnitude needed to obtain the correct amplitude for
the primordial spectrum at CMB scales. Inflation ends
when the slow-roll parameter  is equal to 1. We solve
numerically the coupled equations of motion Eq. (5) and
Eq. (6) neglecting the back-reaction term α/f〈FF˜ 〉 on
the right hand side of Eq. (5). We consider three dif-
ferent values of the coupling αMPl/f , corresponding to
ξend = 3, 6, 9, with αMPl/f =
√
2 ξend (see Eq. (8)). For
ξend = 3 and 6 the back-reaction term α/f〈FF˜ 〉 is always
negligible while for ξend = 9 it becomes relevant only at
the very end of inflation in this specific example.
Going on to compute dρDd ln k at the end of inflation and
normalizing it to the energy density of the inflaton at that
point, V (φend) = 3H
2
endM
2
Pl with φend = 2
√
2MPl, we
show the result in the lower panel of Fig. 1. The striking
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FIG. 1. Top: Conformal diagram showing the cosmological
evolution of comoving length scales k−1 as a function of scale
factor a (or conformal time). Bottom: The quantity dρD
d ln k
defined in Eq. (23), normalized to the energy density of the
inflaton at the end of inflation, as a function of k/(aendHend)
for an inflaton potential V (φ) = λφ4/4 with λ = 10−14.
feature is that dρDd ln k is sharply peaked at k ≈ aendHend for
the different values of ξend. This is not just a consequence
of the specific model of inflation under consideration as
we also find similar results for a V (φ) ∝ φ2 potential. We
can understand this generic feature by considering the
conformal diagram in the upper panel of Fig. 1.
In the conformal diagram, time (or scale factor) in-
creases from left to right while the comoving momen-
tum k increases from top to bottom. Modes with lower
k (larger comoving scale) enter the green tachyonic band
early on during inflation when ξ is still small. Hence,
these modes experience less exponential enhancement
compared to modes at larger k which enter the green
band later during inflation when ξ has grown larger. This
5leads to a significant suppression at large comoving scale
compared to k−1 = (aendHend)−1 and ensures that too
much power is not generated. Thus the usual scale in-
variant primordial spectrum is obtained at CMB scales
as required by observation. At comoving scales k−1 <
(aendHend)
−1 the comoving momentum quickly becomes
larger than k = −2ξend/τend, after which there is no
tachyonic enhancement leading to a suppression and thus
a peaked structure at k ≈ aendHend. We also see in Fig. 1
that the dark electric field component dominates over the
dark magnetic field one, as expected.
A more in depth study of the early and late time power
spectrum is left to ongoing work [15].
DARK MATTER RELIC ABUNDANCE
In this section we go on to estimate the present day
dark matter relic abundance. During inflation when φ
dominates the energy density we have for the inflaton,
ρI = V (φ) = 3H
2M2Pl . (25)
Once inflation ends, a fraction of ρI is transferred to radi-
ation to reheat the Universe while another fraction goes
into the dark electromagnetic field. We can write the ra-
diation energy density in the visible sector as,
ρR(TRH) =
pi2
30
g∗(TRH)T 4RH = 
4
R3H
2M2Pl , (26)
which defines the reheating temperature,
TRH = R
(
90
pi2g∗(TRH)
)1/4√
HMPl . (27)
Here g∗(TRH) denotes the number of relativistic degrees
of freedom. We take g∗(TRH) ∼ 100 as we consider reheat-
ing temperatures above the weak scale. The dimension-
less parameter R < 1 parametrizes the fraction of the
inflaton energy which goes into radiation and we work in
the approximation of instantaneous reheating assuming
it takes place as soon as the inflaton exits slow-roll.
The Hubble parameter decreases from the beginning
to the end of inflation. We parametrize its final value as,
Hend = HH , (28)
with H a dimensionless parameter. Typically the slow-
roll parameter  = − H˙H2 is O(10−2 − 10−3) during in-
flation and 1 at the end of inflation which translates
into values of H that are model dependent. For most
models of inflation, we expect H to be in the range
10−3 < H < 10−1. The parameter ξ, which controls
the dark photon production and grows with φ˙, is largest
at the end of inflation. Thus, the largest contribution to
the dark electromagnetic energy density comes from near
the end of inflation, as confirmed in our numerical anal-
ysis shown in the power spectrum in Fig. 1. Therefore,
from Eq. (24) we can estimate the energy density of the
dark photons produced at the end of inflation as,
ρD(TRH) = 10
−4 
4
HH
4
ξ3end
e2piξend . (29)
Note that the parameter H also effectively parametrizes
what fraction of the available energy density goes into
the dark electromagnetic field. From Fig. 1 we see that
the tachyonic modes which give the largest contribution
to ρD(TRH) have physical momentum,
q(TRH) ≡ k
aend
∼ Hend . (30)
At reheating we have q(TRH) m and the physical mo-
mentum then redshifts as,
q(T ) = q(TRH)
T
TRH
. (31)
The dark photons become non relativistic at the temper-
ature T¯ defined by the condition,
q(T¯ ) = m, (32)
which allows us to solve for T¯ as,
T¯ = m
(
90
pi2g∗(TRH)
)1/4
R
H
(
MPl
H
)1/2
. (33)
Above T¯ the energy density ρD redshifts like radiation,
ρD(T¯ ) = ρD(TRH)
(
T¯
TRH
)4
, (34)
while below T¯ it redshifts like matter giving,
ρD(T¯ ) = ρD(T0)
(
T¯
T0
)3
, (35)
where T0 ≈ 10−13 GeV is today’s CMB tempera-
ture. Combining Eq. (29) and Eq. (33) - Eq. (35), we
obtain the dark photon energy density today:
ρD(T0) = mT
3
0
(
90
pi2g∗(TRH)
)−3/4(
H
MPl
)3/2
× 10−4
(
H
R
)3
e2piξend
ξ3end
. (36)
The observed energy density of cold dark matter to-
day [24] is ρCDM = 9.6 × 10−48 GeV4. The contribution
to the cold dark matter relic density from the transverse
dark photon mode produced via tachyonic instability can
be written as ΩT /ΩCDM = ρD(T0)/ρCDM where,
ΩT
ΩCDM
= 7× 10−6 m
GeV
(
H
1011 GeV
)3/2
×
(
H
R
)3
e2piξend
ξ3end
. (37)
6We see that this depends on five parameters: the dark
photon mass m, the Hubble scale during inflation H, H
which parametrizes how much H has decreased by the
end of inflation (see Eq. (28)), R which parametrizes the
fraction of energy density transferred from the inflaton
to radiation at reheating (see Eq. (26)), and ξend which
parametrizes the strength of the inflaton - dark photon
coupling (see Eq. (8)) and implicitly depends on the form
of the inflaton potential.
There is also a contribution to the relic density from
the longitudinal mode which is produced via quantum
fluctuations during inflation as described in [4],
ΩL
ΩCDM
=
(
m
6× 10−15 GeV
)1/2(
H
1014 GeV
)2
. (38)
To understand whether the transverse or longitudinal
mode dominates the relic density, we will explore the pa-
rameter space in the m−H plane, but first we must en-
sure the following constraints are satisfied for the tachy-
onically produced transverse dark photon mode:
1. The dark photon mass must be much smaller than
q(TRH) to allow for efficient tachyonic production
at the end of inflation. At the same time m is
bound from below by the condition that the dark
photon becomes non-relativistic, thus behaving like
cold dark matter, before matter-radiation equal-
ity. We write this condition as T¯ > TCMB, with
TCMB ' 10−9 GeV. The dark photon mass is there-
fore constrained to be in the window,
(
pig∗(TRH)
90
)1/4
H
R
√
H
MPl
TCMB < m HH . (39)
2. At reheating, the energy density of radiation in the
visible sector must be greater than that in the dark
photon sector, ρR(TRH) > ρD(TRH) which implies,(
H
R
)4
< 3× 104 ξ3ende−2piξend
(
MPl
H
)2
. (40)
If this condition were not satisfied, the Uni-
verse would become (dark) matter dominated at
a temperature T¯ > TCMB, thus violating matter-
radiation equality at TCMB as well as not allowing
for enough time between T¯ and TCMB for the dark
photons to become cold (non relativistic).
3. If the inflaton - dark photon coupling is too large,
the dark photon can thermalize with the infla-
ton. Since the latter must also couple to Standard
Model particles to reheat the Universe, this would
lead to thermalization of the dark photon with the
visible sector and spoil our dark matter production
mechanism. Ensuring the inflaton and dark photon
do not thermalize [25, 26] puts an upper bound on
ξ,
ξ < 0.44 ln
f
αH
+ 3.4 . (41)
Using Eq. (8) and taking the slow-roll parameter
to be  = 1 at the end of inflation then gives,
ξend < 0.44 ln
(
1√
2ξend
MPl
H
)
+ 3.4 . (42)
We must also ensure that there are no other light
scalar or fermion fields in the dark sector which
couple to the dark photon. If such light fields were
present, they would be produced by the strong
dark electromagnetic field via the Schwinger ef-
fect [23, 27] and the dark sector would thermalize,
thus spoiling our production mechanism.
4. We also assume that back-reaction effects on the
inflaton dynamics are negligible which leads to two
conditions. The first is 3Hφ˙ ' V ′  α/f〈 ~E · ~B〉,
meaning that the 〈FF˜ 〉 = 〈 ~E · ~B〉 term is negligible
in the inflaton equation of motion in Eq. (5). The
second condition is that 3H2M2Pl  1/2〈 ~E2〉,
meaning that the inflaton dominates the energy
density during inflation rather than the dark pho-
ton. Both conditions are satisfied as long as ξ is not
too large [17, 28]. Requiring that they hold all the
way to the end of inflation results in the constraint,
HH
MPl
 102 ξ3/2end e−piξend . (43)
5. When the inflaton exits the slow-roll regime, it
starts oscillating about the minimum of its poten-
tial and reheats the Universe. If the coupling α/f
is moderately large, roughly α/f > 35M−1Pl , the
production of dark photons during these oscilla-
tions can be important. This phenomenon is re-
ferred to as gauge-preheating and has been stud-
ied in [21]. However, in order to satisfy the con-
straints listed above, here we consider the range
1 . ξend . 10. This results in the range,
√
2
MPl
. α
f
. 10
√
2
MPl
, (44)
where we have used the relation between α/f and
ξend obtained from Eq. (8) and setting  = 1 at the
end of inflation 3. In this range of α/f , preheat-
ing into dark photons is not efficient [21] implying
3 Note, that in hybrid inflation models [29, 30] one can have a
slow-roll parameter different from  ≈ 1 at the end of inflation.
7that during the inflaton oscillations only a negligi-
ble fraction of its energy density is transferred to
the dark photon. We then assume that reheating
proceeds via the perturbative decay of the inflaton
into Standard Model particles and approximate the
process as instantaneous.
In Fig. 2 we show the main result of our study given
in Eq. (37), imposing the constraints listed above, for
different values of the parameters ξend, R, H . For com-
parison, we also plot the relic abundance of the longitudi-
nal mode given in Eq. (38) and produced via inflationary
fluctuations [4]. In the regions where the line labelled
‘Transverse’ is to the left of the one labelled ‘Longitudi-
nal’, the transverse mode gives the dominant contribu-
tion to the dark matter relic density. We see there are
large regions of parameter space where this is the case.
Finally, we consider a specific benchmark point,
ξend = 6 , R = 10
−1 , H = 10−3 ,
H = 109 GeV , m = 1.3 GeV . (45)
This leads to a reheating temperature TRH = 2.7 × 1012
GeV and an initial radiation energy density ρR(TRH) =
1.7× 1051 GeV4, several orders of magnitude larger than
the initial energy density in the dark electromagnetic field
ρD(TRH) = 10
34 GeV4. The dark photons become non-
relativistic at T¯ = 3.6× 106 GeV, then redshift like mat-
ter for some time before matching the energy density
of radiation at TCMB, thus giving a viable dark matter
candidate for this benchmark point. Note that the mo-
mentum of the dark photon has a long time to redshift
from T¯ to TCMB so it is very ‘cold’ by the time of matter-
radiation equality. Note also that at the time of Big Bang
Nucleosynthesis (BBN), TBBN ∼ 1 MeV, the dark pho-
ton is already non-relativistic and still constitutes a small
fraction of the total energy density. Therefore there are
no bounds on this scenario from considerations on extra
relativistic species (Neff).
STUECKELBERG MASS IN THE SWAMPLAND
In our model defined by the Lagrangian in Eq. (1), we
have implicitly included a Stueckelberg mass for the dark
photon. However, as discussed this assumption is not nec-
essary for the mechanism described here since it produces
only the transverse mode. If instead the dark photon ob-
tains its mass from a Higgs mechanism via a coupling to
a scalar which obtains a vacuum expectation value (vev),
the transverse modes are well defined whether in the bro-
ken (non-zero vev) or unbroken phase (zero vev). The
tachyonic production mechanism during inflation applies
in either case assuming the mass is small compared to the
Hubble scale in the Stueckelberg case. The only require-
ment is that during the radiation dominated era the dark
photon either already has a mass, as in the Stueckelberg
case, or becomes massive after a phase transition from
zero to non-zero vev as in the Higgs-ed case. In either
case our analysis is unaffected since the vector becomes
non-relativistic when its typical momentum redshifts to
a value below its mass, regardless of its origin.
This is in contrast to the longitudinal mode since, as
explained in [4], the production via inflationary fluctua-
tions relies on the fact that the Stueckelberg mass is the
correct effective description all the way up to the poten-
tially very high scale of inflation. Whether the Stueck-
elberg description is valid up to an arbitrarily high cut-
off and whether this is consistent with theories of quan-
tum gravity has been the subject of recent investiga-
tion [31]. While the arguments are not based on a rig-
orous proof, they provide some sort of theoretical guid-
ance. It was found that for a spin-1 vector boson with a
Stueckelberg mass, the theory breaks down at a cutoff of
ΛUV = e
1/3MPl where e is the gauge coupling.
Applying this conjecture to the mechanism of [4] and
requiring the Hubble scale of inflation to be below ΛUV,
one finds the constraint m > 60 eV (see Eq. (29) in [31]
and related discussion for more detail). For masses be-
low this value, which we plot for reference in Fig. 2
(dashed line), the production mechanism for the longitu-
dinal mode seems to be inconsistent with quantum grav-
ity and lives in the swampland (see [32] for a way this
bound might be evaded). Of course since the mechanism
proposed in this work does not rely on a Stueckelberg
mass it is not (necessarily) subject to this constraint.
SUMMARY AND OUTLOOK
We have presented a new mechanism for generating
vector dark matter at the end of inflation. It relies on
the coupling of the inflaton to the vector which leads
to exponential production of one of the transverse po-
larizations of the dark photon. The main results are
given Eq. (37) and Fig. 2 where we show the parameter
space for the dark photon relic abundance. We find that
the dark photon can make a viable dark matter candidate
over a wide range of parameter space: µeV . m . TeV,
100 GeV . H . 1014 GeV,
√
2M−1Pl . α/f . 10
√
2M−1Pl .
We have not specified the inflaton potential since its
precise form is not crucial for the tachyonic production
mechanism. We have also assumed a small enough infla-
ton - dark photon coupling that back-reaction effects on
the inflaton dynamics are negligible as well as instanta-
neous reheating at the end of inflation. Even under these
constraining assumptions, we have found a large region
of parameter space in which this mechanism can produce
the observed dark matter relic density.
There are several interesting future directions to pur-
sue. A detailed study of the energy density spectrum,
tracking its evolution from inflation to the present time,
is essential for a more a more precise quantification of
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FIG. 2. Parameter space in the dark photon mass versus Hubble scale m − H plane for values of the parameters ξend, R,
and H as indicated above each plot and described in the text. Along the blue (purple) line, next to the label “Transverse”
(“Longitudinal”), we obtain the observed relic abundance for the transverse (longitudinal) mode while to the right of these
lines the dark matter is overabundant. The region in the gray band at large masses is excluded by requiring efficient tachyonic
production during inflation while the region in gray at low masses is excluded by requiring the dark photons are non-relativistic
by the time of CMB formation (see Eq. (39)). The regions in the red vertical bands, present only for ξend = 6, 9, are excluded by
the strongest among the constraints in Eq. (40), Eq. (42), and Eq. (43). Specifically, the region labeled ‘ρD(TRH) > ρR(TRH)’
is excluded by the constraint in Eq. (40) and the region labeled ‘thermalization’ is excluded by Eq. (42). Below the dashed
horizontal line, the production of the longitudinal mode is in conflict with constraints from conjectures of quantum gravity [31].
9the relic density. It can also provide important informa-
tion on the length scales of dark matter structures [4, 33]
which can be relevant for dark matter search strategies. A
detailed study of the power spectrum is in progress [15]
and will be presented in the near future. One can also
relax some of our assumptions and see if more parameter
space opens up. This requires, in particular, a detailed
study of the preheating phase where the inflaton under-
goes oscillations. This can also result in significant dark
photon production for large values of its coupling to the
inflaton as has been shown recently [34, 35] for an os-
cillating axion. Vector production can also occur during
the oscillations of a dark Higgs which gives a mass to the
dark photon [36]. This type of dark Higgs mechanism
can also be incorporated into the scenario proposed here
and lead to potentially interesting gravitational wave sig-
nals [37]. Furthermore, allowing for non-zero (but small)
kinetic mixing between the dark and visible photons can
lead to interesting dark matter phenomenology [38]. An-
other potentially interesting future direction is the fact
that only one transverse polarization is produced in this
mechanism. This could lead to unique features associated
with the polarization which can be searched for experi-
mentally [39, 40], but is left for future investigation.
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